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In the standard entropic mechanism adopted in the simple Ekpyrotic models to generate the nearly scale-
invariant and Gaussian primordial perturbation, the entropy direction is tachyonically unstable. In this
Letter, we consider the stable production of the scale-invariant entropy perturbation in the Ekpyrotic
universe via non-minimal couplings. In this model the non-minimally coupled massless scalar ﬁeld
serves as a spectator and is stabilized by the introduced non-minimal couplings. It always corresponds
to the entropy ﬁeld during the contraction and with appropriate couplings can obtain a scale-invariant
spectrum. This scenario requires additional mechanisms such as curvaton or modulated preheating to
convert the entropy perturbation to the curvature perturbation after the bounce.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
The Ekpyrotic and Cyclic models [1–3], as an alternative to in-
ﬂation [4–6], provide not only solutions to the horizon and ﬂatness
problems existed in the hot big bang cosmology but also mech-
anisms to generate initial perturbations for structure formation.
The recent results [7–10] from the Planck satellite conﬁrmed fur-
ther that the primordial density perturbation is adiabatic, nearly
scale-invariant and satisﬁes Gaussian statistics. Apart from possi-
ble anomalies on very large angular scales (those anomalies have
been observed by WMAP satellite and conﬁrmed by Planck) [11],
the results could be well interpreted by the simple inﬂation mod-
els with single slow-rolling scalar ﬁeld. A question one may ask
is whether such a primordial perturbation can be produced in the
Ekpyrotic/Cyclic universe in a smooth way.
In the Ekpyrotic model the universe is assumed to have ex-
perienced a slow contracting phase before bouncing to the hot
expansion. An ultra slow contraction (Ekpyrotic phase) driven by
ultra-stiff matter (the equation of state w > 1) is needed to ex-
plain the smoothness and ﬂatness of the universe and to suppress
the BKL anisotropies [12]. The productions of super-Hubble den-
sity perturbations are due to the fact that during the contraction
the Hubble radius was shrinking and the quantum vacuum ﬂuctua-
tions created deep inside it were able to cross the Hubble radius to
outside regions. It is well known that the original Ekpyrotic model
[1,2] with single scalar ﬁeld cannot generate the required scale in-
variant adiabatic perturbation, the resulting spectrum for the cur-
vature perturbation is strongly blue [13–16] (see [17] for recent
E-mail address: limz@ustc.edu.cn.0370-2693/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.physletb.2013.06.035discussions of generation of scale-invariant curvature perturbation
during the matter contraction preceding the Ekpyrotic phase). Cur-
rently the best understood way to produce the right primordial
perturbations is the so-called “entropic mechanism” [18,19] (for
early references see [20,21]) which was recently shown to be con-
sistent with the Planck data [22]. With this mechanism multiple
ﬁelds are introduced and it ﬁrstly generates entropy (or isocur-
vature) perturbations which might be scale-invariant. Then these
entropy perturbations are converted into curvature perturbations
with identical spectra. The conversion is usually assumed to be
ﬁnished before the bounce. However, for the standard entropic
mechanism where all the scalar ﬁelds are canonical and minimally
coupled to the gravity, the background evolution (scaling solution)
is not stable, or the ﬁeld which represents the entropy direction
has a tachyon potential [23–25]. This instability is needed to keep
the scale invariance of the entropy perturbation, and in some cases
it is necessitated to convert the entropy perturbations to curva-
ture ones at late time of the contracting phase. But this instability
also requires the tuning of the initial conditions or existence of a
preceding phase to keep the universe undergoing a long enough
period of slow contraction so that the produced entropy perturba-
tion has a ﬂat spectrum over extensive scales.
In this Letter we consider the generation of scale-invariant en-
tropy perturbation in a stable Ekpyrotic phase which admits scal-
ing solutions. Using the non-minimal couplings to the kinetic term
of a massless scalar ﬁeld to produce scale-invariant perturbations
in contracting universe has been considered in Refs. [26,27]. In
this Letter, differing from the previous considerations, we focus on
the cases in which the non-minimally coupled and massless scalar
ﬁeld serves as a spectator. The non-minimal coupling brings a fric-
tion effect which damps the background velocity of the spectator
M. Li / Physics Letters B 724 (2013) 192–197 193ﬁeld. If the friction is large enough the spectator ﬁeld gets frozen
quickly in the contracting universe. It always corresponds to the
entropy direction and has no contribution to the evolution of the
universe before the bounce. We will show that in some cases the
spectator ﬁeld lives in an effective de Sitter space–time and ob-
tains a scale-invariant spectrum for its perturbations, similar to
the pseudo Conformal universe [28,29] and the Galileon Genesis
[30] (see also slow expansion scenario for different case [31]). An-
other similarity to the pseudo Conformal universe and the Galileon
Genesis is that this model needs extra mechanisms such as the
curvaton [32] or modulated preheating [33–35] to convert the en-
tropy perturbation to the curvature perturbation after the bounce
(see also the application of curvaton mechanism to some non-
singular bouncing universe [36]). Furthermore, in our model the
requirement of w  1 which is necessary in the standard entropic
mechanism can be relaxed.
This Letter is organized as follows. In Section 2, we discuss
brieﬂy the tachyonical instability presented in the standard en-
tropic mechanism. In Section 3, we discuss how to stabilize the
entropy direction using the non-minimal couplings, and with two
models we show that the resulted spectra for the entropy pertur-
bations are scale-invariant. Section 4 is the conclusion.
2. Tachyonical instability of the standard entropic mechanism
In the Ekpyrotic/Cyclic models, the universe experienced an
ultra slow contraction with the equation of state w > 1, dur-
ing which the universe is smoothed and ﬂattened and its back-
ground space–time is approximated the spatially ﬂat Friedmann–
Robertson–Walker (FRW) type which is conformal to the Minkow-
ski space,
ds2 = a2(η)ημν dxμ dxν . (1)
After that the universe enters into the contracting phase domi-
nated by the kinetic terms of scalar ﬁelds, w = 1, then bounces
into the standard big bang expansion through the singularity. In
the simplest version of the standard entropic mechanism, the
Ekpyrotic phase is governed by general relativity and two minimal
coupled scalar ﬁelds with negative steep potentials
L= 1
2
∂μφ1∂
μφ1 + 1
2
∂μφ2∂
μφ2 + V1e−
c1
Mp
φ1 + V2e−
c2
Mp
φ2
, (2)
where the parameters Vi and ci for i = 1,2 are positive and
Mp = 1/
√
8πG is the reduced Planck mass. This system has the
scaling solutions for which the ratios φ′1/H and φ′2/H are con-
stants, where the prime is the derivative with respect to the con-
formal time η and H = a′/a is the reduced Hubble rate which is
negative in the contracting phase. For such a double-ﬁeld system, it
is useful to project the linear perturbations of the scalar ﬁelds into
the adiabatic direction σ which parallels the trajectory of the back-
ground ﬁelds’ motion and the orthogonal, entropy direction s [37].
The adiabatic ﬁeld σ is deﬁned so that in the background
σ ′ 2 = φ′ 21 + φ′ 22 , (3)
or
σ ′ = φ′1 cos θ + φ′2 sin θ (4)
with cos θ = φ′1/σ ′ , sin θ = φ′2/σ ′ . Because the entropy direction
is perpendicular to the trajectory, its background does not evolve.
This can be seen from the following equation which guarantees the
orthogonality of s and σ at any time
s′ = −φ′1 sin θ + φ′2 cos θ =
−φ′1φ′2 + φ′2φ′1
′ = 0. (5)σThe background part of the entropy ﬁeld is stabilized but its per-
turbation can evolve. The projection of the perturbations along
these two orthogonal directions are similarly
δσ = δφ1 cos θ + δφ2 sin θ,
δs = −δφ1 sin θ + δφ2 cos θ. (6)
The perturbation of the adiabatic ﬁeld δσ relates to the comoving
curvature perturbation via R= ψ + Hσ ′ δσ which seeds the forma-
tion of the large scale structure of the universe, where ψ is the
curvature perturbation to the constant time three-surface.1 The en-
tropy perturbation δs decouples from the metric perturbations at
large scales, but if the background trajectory is curved, θ ′ = 0, it
provides a source to the adiabatic perturbation [37].
Generally these deﬁnitions only have instantaneous meanings
because the angle θ is not constant and it depends on the back-
ground ﬁelds’ evolution. If the system dwells in the scaling solu-
tions, the background ﬁelds’ motion is along a straight line in the
ﬁeld space, θ does not change with time, the adiabatic and entropy
ﬁelds can be considered as ﬁelds’ redeﬁnitions by a rotation in the
ﬁeld space [21]
σ = φ1 cos θ + φ2 sin θ,
s = −φ1 sin θ + φ2 cos θ, (7)
where σ and s contain the background and perturbations. But we
should keep in mind that s should be stabilized if it represents the
true entropy direction. The system (2) only possesses one scaling
solution for which the generated entropy perturbation is scale-
invariant. In this scaling solution [18,23],
φ′1
φ′2
= c2
c1
, w = c
2
1c
2
2
3(c21 + c22)
− 1 (8)
and
sin θ = c1√
c21 + c22
, cos θ = c2√
c21 + c22
. (9)
With these equations the action for s can be reformulated as
Ss =
∫
d4x
√
g
[
1
2
gμν∂μs∂ν s − V (σ , s)
]
(10)
with
V (σ , s) = −exp
(
− c1c2√
c21 + c22Mp
σ
)[
V1 exp
(
c21√
c21 + c22Mp
s
)
+ V2 exp
(
− c
2
2√
c21 + c22Mp
s
)]
. (11)
Because Vi and ci for i = 1,2 are positive, the potential V (σ , s) is
negative with upper bound. We can only have s′ = 0 at the maxi-
mum of the potential along s direction. That is to say, the entropy
ﬁeld has a tachyonic potential and s cannot be stabilized at its top.
This also indicates that the scaling solution (8) is unstable. If s is
away from the maximum of its potential, it will not represent the
instantaneous entropy direction. In order to keep the background
of s at constant for enough long time, one must tune the initial
1 More precisely, it is the curvature perturbation of the uniform density surface
−ζ = ψ + Hρ ′ δρ which takes the central roll on initiating the structure formation.
On super Hubble scales, R and −ζ are identical.
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position very close to the scaling solution (8).
We will see that the tachyonic instability is necessary for this
system to generate a scale-invariant entropy perturbation. Assum-
ing the system dwells in the (unstable) scaling solution, the en-
tropy ﬁeld s stays at rest at the top of the potential V (σ , s) along
s-direction. Its ﬂuctuation has the quadratic action2
Ss = 1
2
∫
d4xa2
[
ημν∂μs∂ν s − a2m2s s2
]
, (12)
where ημν is the Minkowski metric and ms is the effective mass,
m2s = ∂
2V (σ ,s)
∂s2
. Redeﬁning v = as, it satisﬁes the equation (in
Fourier space):
v ′′ +
(
k2 − a
′′
a
+ a2m2s
)
v = 0. (13)
For the universe with constant equation of state w (scaling solu-
tion), it is easy to obtain
a′′
a
= 1− 3w
(1+ 3w)2
2
η2
(14)
from the Friedmann equation H2 = a2
3M2p
ρ , where ρ is the en-
ergy density of the universe and the conformal time is negative
−∞ < η < 0 if we set the bouncing time at η = 0. Scale-invariant
spectrum of s requires the terms in Eq. (13) has the form
a′′
a
− a2m2s =
2
η2
, (15)
hence
a2m2s =
[
1− 3w
(1+ 3w)2 − 1
]
2
η2
. (16)
In the Ekpyrotic phase w > 1, this means that m2s < 0, the entropy
ﬁeld s has a tachyonic mass. Detailed studies [18] have shown that
for the system (2) the scale-invariant entropy perturbation can be
generated if w  1. For this system in some considerations an-
other requirement of the tachyonic stability is that it provides a
way to bend the trajectory of the background ﬁeld’s motion and
convert the produced entropy perturbation to the curvature per-
turbation.
3. The stabilization of the entropy ﬁeld with non-minimal
couplings
In this section we will consider the non-minimal couplings in
the double-ﬁeld system and apply it to the Ekpyrotic universe. In
our consideration the ﬁrst scalar ﬁeld is still canonical and has a
negative exponential potential but the second ﬁeld is massless and
its kinetic term non-minimally coupled to the ﬁrst one. The full
Lagrangian is
L= 1
2
∂μφ∂
μφ + V0e−
λ
Mp
φ + 1
2
e
− αMp φ∂μχ∂μχ. (17)
Such a model was considered by the authors of Ref. [26] in the
Pre-Big-Bang cosmology [38,39] and χ was treated as an axion-
like ﬁeld. The perturbations of this system were studied in more
general expanding or contracting background in Ref. [27]. The non-
linear perturbations of the two-ﬁeld models with non-minimal
2 Usually we should distinguish the background of the entropy ﬁeld and its ﬂuc-
tuation so that s = s0 + δs. Because s0 is a constant and we can shift it to zero, so s
only refers to ﬂuctuation.couplings were studied in [40]. In this Letter we will focus on the
case where α = λ so that
L= 1
2
∂μφ∂
μφ + e− λMp φ
(
1
2
∂μχ∂
μχ + V0
)
, (18)
with V0 > 0 and λ > 0. This model shows a dilaton type coupling
to the system of a massless scalar ﬁeld plus a negative cosmolog-
ical constant. The Euler–Lagrange equations for these two coupled
ﬁelds have the form
φ + λ
Mp
e
− λMp φ
(
1
2
∂μχ∂
μχ + V0
)
= 0, (19)
χ − λ
Mp
∂μφ∂
μχ = 0, (20)
where  is the D’Alembert operator. The above equations of mo-
tion in the FRW universe (1) together with the Friedmann equation
H2 = 1
6M2p
(
φ′ 2 + χ ′ 2e− λMp φ − 2a2V0e−
λ
Mp
φ)
(21)
can be reformulated as
x˙ = 3x(x2 + y2 − 1)−
√
6
2
λ
(
x2 + 2y2 − 1),
y˙ = 3y(x2 + y2 − 1)+
√
6
2
λxy, (22)
where dimensionless variables x, y are deﬁned as [27]
x ≡ φ
′
√
6MpH
, y ≡ e
− λ2Mp φχ ′√
6MpH
, (23)
and x˙ ≡ dx/d lna, y˙ ≡ dy/d lna. We can also deﬁne another dimen-
sionless parameter
z ≡ a
√
V0e
− λ2Mp φ
√
3MpH
, (24)
but it is constrained by the Friedmann equation x2 + y2 − z2 = 1,
so x, y are the independent phase space variables except the con-
straint x2 + y2  1.
Eqs. (22) have three ﬁxed points, i.e., (x0 = −1, y0 = 0), (x0 = 1,
y0 = 0) and (x0 = λ/
√
6, y0 = 0). These ﬁxed points correspond to
scaling solutions. Whether these solutions are stable depends on
the behaviors of the small deviations away from them. The small
deviations X = x− x0 and Y = y − y0 satisfy the linear equations
X˙ = (9x20 − √6λx0 − 3)X,
Y˙ =
(
3x20 +
√
6
2
λx0 − 3
)
Y , (25)
and from these equations one obtains that
|X | ∼ exp[(9x20 − √6λx0 − 3) lna],
|Y | ∼ exp
[(
3x20 +
√
6
2
λx0 − 3
)
lna
]
. (26)
Because in contracting universe lna is decreasing, stable solutions
require both coeﬃcients in the exponentials 9x20 −
√
6λx0 − 3 and
3x20 +
√
6
2 λx0 − 3 be positive. With the assumption that λ > 0, we
can see that the ﬁrst ﬁxed point (x0 = −1, y0 = 0) is always un-
stable. The second ﬁxed point (x0 = 1, y0 = 0) corresponds to an
attractor solution (stable) for λ
√
6 and the third ﬁxed point also
corresponds to an attractor solution in the case λ >
√
6.
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(1) x0 = 1, y0 = 0, 0 < λ 
√
6, at this point z0 = 0, the po-
tential term and the kinetic energy of χ are negligibly small. The
universe is dominated by the kinetic term of φ. The equation of
state is w = 1. This corresponds to φ → +∞ and made the ﬁeld χ
non-dynamical. Such a phase can only marginally suppress the BKL
anisotropies. Like the single ﬁeld Pre-Big-Bang universe, there is no
entropy perturbation, but the produced adiabatic perturbation has
a strongly blue tilt spectrum.
(2) x0 = λ√6 > 1, y0 = 0, at this point z0 = −
√
λ2
6 − 1. Both the
kinetic and potential energies of φ scales as a−3(1+w) . The equation
of state of the universe is w = λ23 − 1> 1. The ﬁeld χ is stabilized
with χ ′ = 0, this is due to the damping effect brought by the ex-
ponential coupling in the equation of motion (20),
χ ′′ + 2Hχ ′ − λ
Mp
φ′χ ′ = χ ′′ − (√6λx0 − 2)Hχ ′
= χ ′′ − (λ2 − 2)Hχ ′ = 0. (27)
Without the non-minimal coupling χ ′ increases as a−3. When
non-minimal coupling is introduced, it brings an extra friction
term and because λ2 > 6, the velocity χ ′ decreases and quickly
approaches zero. In the non-minimal coupling case, the deﬁnitions
of adiabatic and entropy directions have the generalized form [27]
σ ′ 2 = φ′ 2 + χ ′ 2e− λMp φ, (28)
and
σ ′ = φ′ cos θ + χ ′e− λ2Mp φ sin θ, (29)
with
cos θ = φ
′
σ ′
, sin θ = χ
′e−
λ
2Mp
φ
σ ′
. (30)
The stabilization of the ﬁeld χ leads to θ = 0, and χ always rep-
resents the entropy direction. The adiabatic and entropy perturba-
tions are decoupled, the conversion from the entropy perturbation
to the adiabatic one can only happen at later time. These can be
seen clearly from the linear perturbation equation of χ ﬁeld. The
linear perturbation equation of the ﬂuctuation δχ = χ(η, 
x)−χ(η)
around the frozen background χ ′(η) = 0 can be obtained from the
quadratic action for δχ . When all the perturbations are included
the action for the χ ﬁeld is
Sχ = 1
2
∫
d4x (
√
g + δ√g)e− λMp (φ+δφ)(gμν
+ δgμν)∂μ(χ + δχ)∂ν(χ + δχ), (31)
and expanding it to the second order by considering ∂μχ = 0, we
can read out the quadratic action for δχ
Sδχ = 1
2
∫
d4x
√
ge
− λMp φ gμν∂μδχ∂νδχ. (32)
Because the exponential factor which couples to the kinetic term
of χ is the same as the potential of φ, and from
z20 =
a2V0e
− λMp φ
3M2pH2
= λ
2
6
− 1,
e
− λMp φ = (λ
2 − 6)M2pH2
2a2V0
, (33)
the action (32) isSδχ = 1
2
∫
d4xa2e
− λMp φημν∂μδχ∂νδχ
= 1
2
∫
d4x
(λ2 − 6)M2pH2
2V0
ημν∂μδχ∂νδχ, (34)
where ημν is the Minkowski metric. With the constant equation of
state w = λ23 − 1, from the Friedmann equation we can solve that
H= 2
1+ 3w
1
η
= 2
λ2 − 2
1
η
. (35)
Substituting it into Eq. (34), we get
Sδχ = 1
2
∫
d4x
1
h2η2
ημν∂μδχ∂νδχ (36)
with
h = λ
2 − 2
Mp
√
V0
2(λ2 − 6) . (37)
From these equations we can see that δχ is a massless ﬁeld living
in an effective de Sitter space with the metric
g¯μν = 1
h2η2
ημν. (38)
Similar to the cases of the pseudo Conformal universe [28,29] and
the Galileon Genesis [30], the ﬁeld δχ will obtain a scale-invariant
spectrum. This can be seen more clearly from the following discus-
sions. By ﬁeld redeﬁnition u = δχ/(hη) and integration by parts
the quadratic action (36) may be reformulated as
Sδχ = 1
2
∫
d4x
[
ημν∂μu∂νu + 2
η2
u2
]
. (39)
The ﬁeld u lives in the Minkowski space and has a time varying
mass m2u = −2/η2. Its equation of motion for ﬁxed mode is
u′′k +
(
k2 − 2
η2
)
uk = 0. (40)
This equation has two independent solutions, i.e., the solution has
the general form
uk = C1(k)e−ikη
(
1− i
kη
)
+ C2(k)eikη
(
1+ i
kη
)
, (41)
where Ci(k) for i = 1,2 are integral constants which are functions
of k but independent of time. Usually we assume the quantum
ﬂuctuations are created from the Bunch–Davies vacuum at early
time when k|η|  1, for which the mode function has the form
lim
η→−∞uk =
e−ikη√
2k
. (42)
With this initial vacuum selection the coeﬃcients in Eq. (41)
are ﬁxed to C1(k) = 1/
√
2k, C2(k) = 0 and the mode function is
uk = e−ikη√2k (1 −
i
kη ) which asymptotes to
−ie−ikη√
2k3η
at late time when
k|η|  1. Hence the produced power spectrum of δχ is (remember
δχ = hηu)
P1/2δχ ≡
k3/2√
2π
hη|uk| = h2π , (43)
which is scale-invariant and does not evolve with time outside the
Hubble radius.
One of the advantages of such models is that the condition
w  1 which is needed in the standard entropic mechanism is not
necessary any more. What we need is a constant w and it should
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out that when the universe enters into the kinetic term dominated
contraction after the Ekpyrotic phase, the ﬁeld χ is still stabilized
and the trajectory of the background’s motion is not curved dur-
ing the whole contracting phase. So we need other mechanisms
such as the curvaton or the modulated preheating to convert the
scale-invariant entropy perturbation to the curvature one.
Up to now we showed that the model (18) can successfully
generate exact scale-invariant perturbation for the entropy ﬁeld
during the Ekpyrotic phase. This model corresponds to the spe-
cial case of the more general non-minimal coupling models (17).
Let us comment on the more general model (17) in which α is dif-
ferent from λ, this seems to be more natural from the viewpoint of
fundamental physics. As implied in Ref. [27], the ﬁxed point which
corresponds to the stable Ekpyrotic contraction is the same with
that discussed above for the special case, i.e., x0 = λ√6 > 1, y0 = 0
and z0 = −
√
λ2
6 − 1. In the same way as before, the ﬁeld χ is sta-
bilized and always represents the entropy direction. However, the
quadratic action for its ﬂuctuation is different. A straightforward
calculation shows that
Sδχ = 1
2
∫
d4xa2e
− αMp φημν∂μδχ∂νδχ
= 1
2
∫
d4xq2ημν∂μδχ∂νδχ, (44)
where q ∝ ηβ with β = −(λα −2)/(λ2 −2). Deﬁning u = qδχ , it is
easy to ﬁnd that u satisﬁes the equation
u′′k +
(
k2 − q
′′
q
)
uk = u′′k +
(
k2 − β(β − 1)
η2
)
uk = 0. (45)
With the selection of the Bunch–Davies vacuum at early time
when k|η|  1, the solution to the above equation is
uk =
√
−π
2
ηH (1)ν (−kη), (46)
where H (1)ν is the ﬁrst kind Hankel function and ν =√
1/4+ β(β − 1). At late time when the perturbation mode is
outside the Hubble radius, i.e., k|η|  1, the mode function asymp-
totes uk ∼ −η1/2(−kη)−ν . So that the power spectrum for δχ is
Pδχ ∼ k3
∣∣∣∣ukq
∣∣∣∣
2
∼ (−kη)
3−2ν
η2+2β
. (47)
The spectral index is ns = 4− 2ν . If α only differs from λ slightly,
the number p = α − λ is small, one can obtain that
ns  1− 2λp
λ2 − 2 . (48)
If α is larger than λ slightly, p is a small positive number, the
produced spectrum has a small red tilt.
As a second example of the stable generation of the entropy
perturbation during Ekpyrotic phase with scaling solutions we may
consider the massless ﬁeld χ non-minimally couples to the curva-
ture scalar
Sχ = −1
2
∫
d4x
√
g
R
M2
gμν∂μχ∂νχ, (49)
where M represents a cut-off mass and the minus sign at the right
hand side is to keep the ﬁeld away from the ghost. Similar to the
previous case, this coupling can stabilize the ﬁeld χ and make it
a spectator so that it always corresponds to the entropy direction.The curvature scalar R = 6a′′/a3 = 6(H′ +H2)/a2, and in the Ekpy-
rotic universe where the total equation of state w is a constant
larger than 1, with the equation
H= 2
1+ 3w
1
η
, (50)
we get
R = 12(1− 3w)
(1+ 3w)2a2η2 . (51)
Substituting it into Eq. (49), we have
Sχ = 1
2
∫
d4x
1
h˜2η2
ημν∂μχ∂νχ, (52)
with
h˜ = (1+ 3w)M
2
√
3(3w − 1) . (53)
Hence in this case the entropy ﬁeld χ obtains a scale-invariant
spectrum P1/2χ = h˜/2π . Same as before, it also needs extra conver-
sion mechanisms after the bounce. If the universe directly bounces
into the radiation dominated expanding phase in which R vanishes
and the ﬁeld χ is not dynamical, it is better to consider the mod-
ulated preheating as the conversion mechanism.
4. Conclusions
In this Letter, we considered the generation of entropy per-
turbation in the Ekpyrotic universe without tachyonical instability.
In our model we introduced the non-minimally coupled massless
scalar ﬁeld. Its background is stabilized due to the damping of the
non-minimal coupling. It serves as a spectator ﬁeld and always cor-
responds to the entropy direction. With appropriate non-minimal
couplings, this entropy ﬁeld lives in an effective de Sitter space and
obtains a scale-invariant spectrum for its perturbation. Because
the curvature perturbation produced during the contraction with
constant equation of state is strongly blue, its amplitude at large
scales could be negligible and we can think that the curvature
perturbation which seeds the structure formation at these scales
totally comes from the conversion from the entropy perturbation.
The model proposed in this Letter has the advantage that we do
not need the equation of state w  1. The price we will take is
that extra mechanisms are necessary to convert the scale-invariant
entropy perturbation to the curvature one after the bounce. The
eﬃciency of the conversion, however, is model dependent.
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